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INTRODUCTION
For the last two years, our goal was to produce a new unified database for the Radiative Recombination Cross Sections (RRCSs) and Photoionization Cross Sections (PCSs) as functions of the electron energy for a number of heavy element impurity ions occurring in plasmas. To date we calculated the subshell RRCSs and PCSs and total RRCSs for 31 ions of Fe, Ni, Cu, Mo, and W which are most important in fusion studies.
The ionic states of the heavy element impurities which are of the most importance in fusion study, are the following [4] : (i) the fully stripped and H-like ions; (ii) the most stable He-, Ne-, Ar-, and Kr-like ions with closed shells; (iii) the Ni-like ion for molybdenum and tungsten as well as the Pd-and Er-like ions for tungsten.
As to point (iii), our calculations using the Dirac-Fock (DF) method, show the Ni-like ions with the standard configuration 3d Table 1 for the elements Kr, Mo, Xe, and W. One can see that total energies for electron configurations with closed the 3d (4f ) shells are considerably low than the relevant Ni-like and Er-like configurations. Because of that, we adopted 31 ions listed in Table 2 . 
6
The fully relativistic calculations were performed using the DF method where, as distinct from the Dirac-Slater (DS) method used in many previous papers, the exchange electron interaction was taken into account exactly, both for the bound electrons and between bound and free electrons. The calculations were carried out by the use of our computer code package RAINE [1, 2] . The numerical methods used in the codes, as well as the problem of the accuracy of calculations, were discussed at length in Refs. [1, 3] . It should be noted that PCS is calculated with a numerical precision of about 0.1%. Subshell RRCSs and PCSs were computed for the ions in the ground and all excited electron states up to states with principal quantum number n = 20. Total RRCSs were calculated with regard to the contributions of all these states. The calculations were carried out for 41 values of the electron kinetic energy E k from the range 4 eV≤ E k ≤ 50 keV. Energy points are logarithmic over the range. Total RRCSs for the ions were published in tabular and graphical forms.
Subshell PCSs for ground and excited states with n ≤ 12 and orbital quantum number ≤ 6 obtained in the calculations were fitted by a simple analytical expression with five fit parameters. The fit parameters for ∼ 3300 electron states were also published.
Results obtained have been published in the following papers. 
COMPARISON WITH RECENT DATABASES OF PCS AND RRCS
A number of the PCS and RRCS calculations are available, however, the majority of them are for the ground state of atoms and ions (see, for example, [5] - [11] ).
More recent calculations underlying databases for PCSs and RRCSs for ground and excited states are listed in Table 3 . Note. E 0 is the highest tabulated energy. Abbreviations. "grnd" -ground state, "exct" -excited state, "hydrogen" -hydrogen-like approximation, "rel." -relativistic calculation.
Let us discuss the model used in our calculations as compared with the previous ones.
(i) In the majority of previous calculations, electron wave functions are computed using the Dirac-Fock-Slater (DFS) potential where the exchange between electrons is taken into account approximately [5] - [13] or even the Coulomb potential [12, 17] . However values of PCS (RRCS) obtained in the framework of the DFS method and the DF method where the exchange is taken properly into account, may significantly differ, especially for low-charged ions, to say nothing of calculations in the Coulomb potential. PCSs σ
ph obtained within the DF method (solid lines) and DFS method (dashed lines) for the 5d 3/2 , 5f 5/2 , 6s 1/2 , and 6p 1/2 shells of the ion W 5+ are shown in Fig. 1 . These shells (along with appropriate fine-structure components) make a major contribution to the total RRCS for the corresponding recombining ion W
6+
. As seen, there are significant differences between the two calculations. Exact values of the difference
are given in Table 4 for four energies in the range under consideration. As is seen, at the low photoelectron energy, the difference ∆ mod is considerable. Even at the highest energy, 50.327 keV, the difference between the DFS and DF results are 17% for the 5d 3/2 shell, 79% for 5f 5/2 , 18% for 6s 1/2 , and 28% for the 6p 1/2 shell. Due to these differences in the PCS and thus in RRCS values, the more accurate DF model should be preferred.
Note, that at the very low photoelectron energy, both the one-electron approximations may be not quite accurate due to possible influence of electron correlations. However the correlation effect is not expected to be substantial for photoionization of ions with the only electron above a closed core or for the Helike ions considered here. In Fig. 2 , we compare our DF values of σ ph (E k ) with the relevant background nonresonant PSCs obtained by Nahar et al. [15, 16] using the Breit-Pauli R-matrix method where the electron correlations are taken into account. The comparison is given for available ions having a one electron above a closed core, namely for the Li-like ions. PCSs are presented for the 2s shell of the Ne 7+ ion ( Fig. 2(a) ) and for the highly-charged Fe 23+ ion ( Fig.2(b) ). As is clearly seen, our results are in good agreement with R-matrix calculations in the electron energy range under consideration. The average deviations of the DF values from PCSs obtained using the R-matrix method are 3.7% for Ne (ii) Another often-used approximation in the PCS calculations is the dipole one [14, 15, 16, 18] when only one term with L=1 is taken into account in Eq. (7) (see below). A comparison of RRCSs obtained in the dipole approximation σ rr (dip) and in the calculation involving all multipoles L of the radiation field σ rr (L), is given in Fig. 3 for bare nucleus in which case the difference ∆ dip between the two calculations is maximum.
A difference between the two calculations can be written as follows The difference ∆ dip is given in Table 5 for several representative elements in the electron energy range 10 eV ≤ E k ≤ 1000 keV. As is shown, the dipole approximation differ from the exact calculations by ∼ 10% for E k =10 keV, ∼ 50% for E k =50 keV which is the highest energy under consideration in our work, and > ∼ 90% for E k =1000 keV which is close to the highest energy considered in paper [18] . Because of this, PCSs and RRCSs at high electron energies obtained within the dipole approximation are inaccurate.
(iii) Because the proper PCS calculation at high energy is a challenging task, the authors extrapolate PCSs obtained at lower energies [15] or add asymptotic values [12, 18] using the well-known expression derived in the nonrelativistic dipole approximation which is written as
where k is the photon energy and i is the orbital momentum of the i − th shell.
However, Eq.(3) breaks down for the asymptotic behavior of the relativistic PCS with regard to all multipoles L. Badnell [18] presents PCSs calculated in the dipole approximation for the 3s shell of the Mg + ion (Fig. 3 from [18] ) multiplied by k 3.5 . He writes that the product σ reaches an asymptotic value in the energy range < ∼ 30 keV while the same product involving the DFS results [10, 11] presented by Verner grows with energy rapidly and has no asymptote in the range.
We present in Fig. 4 σ ph × k 3.5 by Badnell (taken from the paper) together with our calculations performed within the DFS and DF methods. As is seen, all curvers are of a similar nature but the absolute values of σ ph ×k 3.5 are somewhat different. It means that the comparison by Badnell is not true because the results by Verner are based on our DFS calculations. Besides, at first glance, all curves approach to asymptotic values, which they are not as is evident from Fig. 5 .
In Fig. 5(a) , the product σ
is shown for the same case, σ (3s) ph being calculated exactly (solid curve) and within the dipole approximation (dashed curve). As is seen, the solid curve has no asymptote at all in the energy range k ≤1000 keV. The dashed curve runs into an approximate asymptote. However the asymptote has little in common with real values of the product considered (compare solid and dashed curves).
In Fig. 5(b) , the product involving the another power of the photon energy σ
is shown. The value 2.2 was obtained by us using a fitting of the σ (3s) ph values at lower energy. It holds for the s shells with various n of different elements and different ions. In this case, the solid curve associated with relativistic calculations with regard to all multipoles, reaches a good asymptote, even if at rather high energy k ≈ 300-400 keV. It should be noted that in the ultrarelativistic limit m =1 [20] . In Fig. 5(c) , the exact PCS (solid) and PCS obtained in the dipole approximation (dashed) are displyed for the same case. (iv) To find the total RRCS, the direct calculations are usually carried out for excited states with n max ≤10 only. However, for fusion plasmas with electron density in the range of 10 14 /cm 3 , an upper limit to the principal quantum number is n ≈ 20. Because of this, excited states with higher than n max are taken into account by the use of the H-like approximation [12] or with the Kramers formula [13, 14, 16] . We present in Fig. 6 
, maximum ∆ add is equal 20%. Having regard to the contribution of the additional sum to the total RRCS (∼ 10 − 15%), one can conclude that an approximate consideration of terms with high n using the Kramers formula may give rise the error in values of the total RRCS of the same order. (v) Finally, there exists the another effect which may also give rise an error in a partial RRCS at a high energy. All authors listed in Table 3 with the exception of Ichihara and Eichler used the transfer coefficient between PCS and RRCS in the form
where q v is the number of vacancies in the i-th subshell prior to recombination. Relativistic units (h = m 0 = c = 1) are used. However the exact relativistic expression for the transfer coefficient is the following [17] 
It is clearly seen that adoption of the approximate Eq. (5) instead Eq. (6) leads to considerable errors at high energy -4.7% at E k = 50 keV, 8.9% at E k = 100 keV, and 49.5% at E k = 1000 keV.
Taking into consideration points (i)-(v)
, we believe that our calculations of partial and total RRCS and PCS are accurate within the one-electron model and offer certain advantages over other approaches.
METHOD OF CALCULATION
The basic formulas for the PCS calculations are the following.
The subshell PCS in the i-th subshell can be written in the form
Here L is the multipolarity of the radiation field, κ = ( − j)(2j + 1) is the relativistic quantum number, j is the total angular momentum of the electron, and α is the fine structure constant. The reduced matrix element Q ΛL (κ) is determined by the expression
is the recoupling coefficient for the four angular momenta, [a] denotes the expression (2a + 1), R 1Λ and R 2Λ are the radial integrals in the form
In Eq. (9), j Λ (kr) is the spherical Bessel function of the Λ-th order, G(r) and F (r) are the large and small components of the Dirac electron wave function multiplied by r. In Eqs. (7)- (9), the subscript i is related to the bound electron while designations with no subscript are related to the continuum spectrum electron. Electron wave functions are calculated in the framework of the DF method, that is, the bound and continuum wave functions represent the solutions of the DF equations with exact consideration of the exchange interaction [1, 19] . Both bound and continuum wave functions are calculated in the self-consistent field of the corresponding ions with N + 1 and N electrons, respectively.
The subshell σ (i)
rr is determined by the use of Eq. (5) or Eq. (6). Summing subshell RRCSs σ
rr over all bound unfilled states, one arrives at the total RRCS which can be written as
where n min combined with the appropriate value of κ refers to the ground state of the recombined ion.
The terms of the sum over κ in Eq. (10) decrease rather rapidly as κ increases. The higher the energy E k , the more rapidly it decreases. Contributions of the terms corresponding to various orbital quantum numbers with respect to the total RRCS are plotted in Fig. 7 for three ions and four values of E k = 4, 109, 1153, and 9646 eV, that is, we present the magnitude ∆ which can be written as
where As is evident, in all cases σ ( ) rr with large value of > ∼ 8 do not contribute significantly to σ tot rr . With regard to the rapid convergence of the sum over κ and a finite number of terms, we made allowance only for those values of κ which make a contribution to σ tot rr larger than 0.01%. Notice that fit parameters for subshell PCSs are given for shells with ≤ 6.
A different situation exists in summation of the infinite series over n in Eq. (10) . Relative contributions of the states with various n to the total RRCS
where σ
are given in Fig. 8 for the Ne-like ions Cu
19+
, Mo
32+
, and W
64+
and for the same four energies E k . We see that ∆ n decreases rapidly at n < ∼ 8 but there is no rapid convergence at higher n. Although the contributions ∆ n for the largest value n = 20 do not exceed several percent, the tails of all curves in Fig. 8 decrease very slow -the lower E k , the slower the decrease. So in the general case, the remainder of the infinite series in Eq. (10) should be taken into consideration. rr to the total RRCS (Eqs. (13), (14)) for four values of the electron kinetic energy E k .
In a real plasma, however, there is a cutoff of bound levels from density effects, above which recombination is not meaningful. For fusion plasmas with electron density in the range of 10 14 /cm 3 , the upper limit on the quantum number n is ≈ 20. Therefore the correction associated with the remainder of the infinite series in Eq. (10) is not required in fusion plasmas. because of a behavior of RRCSs for the lowest shells making a major contribution into σ tot rr (see Fig. 1 ). For higher-charged ions, the E k -dependence presents smooth monotone curves. 
ANALYTICAL FITS OF PHOTOIONIZATION CROSS SECTIONS
A great deal of the subshell RRCS and PCS values produced in the course of calculations may be used thereafter in modern computer codes for handling various problems of plasmas and astrophysics. For this purpose, PCSs are conveniently described by a simple analytical expression with a small number of fit parameters. The parameters permit the subshell RRCS to also be easily obtained using Eq. (5) or Eq. (6).
We applied the procedure developed in [10, 11] . The method is based on the approximate similarity of PCSs for atomic shells with the same n and κ but for different atoms and ions revealed by Kamrukov et al. [21] . The criterion can be written as follows: σ
Here σ 0 and k 0 are fit parameters depending on quantum numbers n and κ of a shell as well as on Z and N (N is the number of electron in an ion), while F (y) is a so-called "nearly universal" function depending strongly on n and κ and depending weakly on Z and N . Each k-dependent curve of PCS in logarithmic variables, log σ (nκ) ph (log k), may be shifted to a "nearly universal" curve log F (y). The shift along the energy axis is determined by the fit parameter k 0 , while the shift along the PCS axis by the fit parameter σ 0 [10, 11, 21] . A form of the function F (y) furnishing the desired result was proposed in [11] as follows
where y w , y a and p are three additional fit parameters, and Q = 5.5 + − 0.5p. Each of the parameter is responsible for the PCS behavior in a specific range of the photon energy [11] .
With Eqs. (15) and (16) the fit parameters were obtained by minimizing the mean-square deviation from calculated values σ (nκ) ph . We used the method of the simplex search developed by Nelder and Mead [22] .
For each recombined ion, the fit parameters were calculated for all electron states with quantum numbers n min ≤ n ≤ 12 and κ = ∓1, ∓2, . . . ∓ 6, −7. The fitting was produced in the photon energy range from k min = E th + 4 eV to k max where σ (nκ) ph (k max ) falls by five orders of magnitude as compared with its maximum value, the energy E k = k max − E th being less than 50 keV. Usually, k max is of the order of 100E th for the s, p, d, and f shells and k max is of the order of 10E th for the g, h, and i shells. For the very inner shells of the highest-charged ions, k max may be of the order of several E th in view of the large magnitude of E th . With these fit parameters and Eqs. (15) and (16), one can obtain the value of PCS σ (nκ) ph (k) per one electron.
For the each shell, we found the relative root-mean-square error δ av as follows:
where M ≤ 41 is the number of points involved in the fitting, σ
calc (k i ) and σ (nκ) fit (k i ) are values of PCS calculated and obtained in the fitting, respectively.
As a rule, the fitting was carried out with good accuracy and δ av < ∼ 2%. However there are several cases where the error may be greater. The worst-fitting cases in our calculations are related to the nf shells of the lowest-charged ion W Nevertheless, the fitting error is small for all other shells of Mo 5+ and W
5+
including the nd shells (see Fig. 13 ) where the Cooper minimum exists as well, but not as deep as for the nf shells in W
. The maximum errors for the nd shells of Mo
and W
are < ∼ 4% and < ∼ 2%, respectively. For shells with the larger orbital quantum number ( > 3) of the lowest-charged ions as well as for all shells of the higher-charged ions, the fitting accuracy is commonly < ∼ 1 − 2%. 
